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The onset of carbon burning in a star of 5 solar
masses after exhaustion of its central helium content
is computed. Since the ignition of carbon takes place
in a degenerate region, the flash phenomenon occurs.
The computations are carried out until degeneracy is
removed and nuclear burning becomes stable. During
this phase the helium burning shell becomes less and
less important as the hydrogen is again ignited at
the interface between the outer hydrogen-rich envelope
and the helium core. No neutrino processes due to
weak interaction (such as plasma neutrino or photo-

neutrino emission) are taken into account.



1. Introductipn

In the present paper the phase of fast carbon-burning
of a star of the population I of 5 solar masses will be.
described. This phase follows immediately after the
evolution which has been described in Part IV of this
series (Kippenhahn, Thomas, Weigert, 1965). The publication
is based on 171 consecutive stellar models which cover the
period of 13 900 years before the carbon flash until

11 700 years thereafter.

The onset of nuclear burning shows considerably
différent characteristics depending upon the interior of the
star and whether it is degenerate or not. In a star with
non-degenerate interior, nuclear burning commences slowly
and in a stable form (cf. appendix). If, however, nuclear
burning starts in the degenerate core of a star, thermal
instability is present: the central temperature and thus
the energy production increase rapidly to values so high
that I, in the central portion of the star amounts temporarily
to a multiple of the outside luminosity. The thermal runaway
lasts until the central temperature is so high that the
degeneracy is abolished. The entire phenomenon is known

as flash. It was first predicted by Mestel (1952) and
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discovered by Schwarzschild and Harm (1962) at the onset

of helium-burning in a star of 1.3 solar masses.

Depending upon the degree of degeneracy, all transitions
from stable burning to the strong flash are encountered. At
1.3 Mé degeneracy is large at the onset of helium burning
(¥ ~ 20), one observes a strong flash. At the onset of
helium-burning in the interior of the 5 H%-star described
here degeneracy was quite weak (¥ ~ 0); burning was, therefore,
practically stable at the onset. At the time of contraction
after the helium-burning, however, ¥ had increased to
approximately 9. It may thus be expected that the carbon-

burning now begins with a moderate flash.

This case has the great advantage that the changes in
the star are fast with regard to time and relative to other
evolutionary phases; they are, however, slow with regard
to the rate of attaining hydrostatic equilibrium. Inertia

may, therefore, be neglected.
2. The Program

The computer program used 1is in essence the same as
that used in Part IV of this serles for the calculations

described there. Several changes, however, turned out to



be a necessity.

The variable 1n Lr’ used thus far, was replaced, beginning

with Modil Nr. 451, by

Here, LO > 0 is a suitably chosen constant. In the caleculations
L, was frequently assumed to be -%"‘L { L = outside luminosity
of the model). With the new variable, Lr may also become
negative to almost Lr = —Lb. In our completed model negative
luminosities were at no time observed, though the luminosity
Lr becomes very small outside of the carbon burning core

(ef. section 3)3 during the iteration an approximation of L.
mnay sometimes become negative. Furthermore, the singularity
of the variables (which previously was at L, = 0) is now
further removed from the L? - values which occur in the
calculation. WWith the introduction of this new variable,

the system of the differential equation changes by which the
differential equations are approximated. This results in a
discontinuity in our calculations which is most clearly.
expressed in the central values of density and temperature
(Fig. 3). The central temperature of the new system differs

from that of the old system by approximately 4.5%.



Like in the preceding publication IV the formulae of
publication I of this series (Hofmeister, Kippenhahn, Weigert
(1964), section 3d) were applied to the hydrogen and helium-
burning. For the helium-burning, now simplified in this way,
only the 3u-reaction is taken into consideration and, accordingly,
pure C12 was assumed to be the final product of central helium-
burning. For the subsequent carbon burning, one must, however,
take into consideration that in reality a portion of the
carbon is converted to O?éi In a rough approximation the
first model of the evolutionary series described here was
therefore artificially modified by reducing by 1/2 the carbon
content XC of the core (which after the helium-burning has the
value X, = 0.96). The assumed chemical composition of the

C
core was therefore X_ = 0.48; the welght proportion of heavy

C
elements (with the exception of carbon and oxygen) was, as
before, 4.4% by weight. For the 016 _content (Xb) the remaining
48 weight percent were inserted. This artificial change of
the chemical composition of the core has no disadvantageous
consequences for the convergence of the Henyey-method, since
this modification does not strongly modify the molecular
welght nor the opacity. The calculations carried out
subsequently by Hofmeister (1966) with detailed helium-burning,

resulted in an endproduct XC = 0,44, Xb = 0,52, X.. =0 for

Ne
a5 M -star. The artificial change of the chemical composition



of the core is thus jJjustified. The next reaction to be
expected upon sufficient increase in temperature was therefore

12 12

certainly the carbon burning C*® + C° . The shield factor

for weak shielding was calculated according to

67710 25 [5 - gy L(2Ina) U2
Inf - 6.7 10 £ [o~.330»r2(av o

8'T, Y = degeneracy parameter). This formula is

(Tg = 10

obtained according to Salpeter (1954), if in a simplification,
1

one makes there the following assumption XO = XC + XMg == 3

the derivation (d1np/2¥) is the term £'/f =3 1nF . /2(‘1’) fay

of Salpeter. For the p- and T-region of interest a transition

is actually present between weak and strong shielding which,

however, for reasons of simplicity, was not taken into

consideration. According to Reeves (1965) the following

equation was applied
o _ , -
fe = At “7%',~/ cexp [103.02 - Sl..l 6 (;(: A 0.07) “] .

The resulting change in carbon content was calculsted according

to

]

with EC = 5" 1017 erg/g, and where e* GC/Ng was assunmed to be



constant during each time step. (Actually the entire change in
chemistry is of no significance in the phase described in the
following due to the short duration and despite of the high

eC—values.)

Energy losses, as brought about by photoneutrinos, plasma -
neutrinos etc., were not\taken into consideration. In order
to understand their influence it would seem to be required to
first carry out exact calculations of the corresponding

evolutionary phases without neutrino-effects.

3. Results

At the end of the phases described in IV the star
migrated in the H-R-diagram to the upper right hand corner
and reached a maximum of luminosity with model Nr. 397 and
a minimum of the effective temperature (logL/LO = 4,210,

logT = 3.511).



Figure 1. The evolutionary track in the H-R-diagram. Several
significant points of the evolutionary track are indicated

by capital letters (K,L,). (The point not indicated between

L and 11 represents the termination of tha calculations).

The exact coordinates and the corresponding age of the

model can be found in Table 1. The imsert to the lower

right shows the relationship with the calculations published
in Part IV of this series; the evolutionary sequence was spread
between I{ and L in order to express clearly the direction of

the evolutione.
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Figure 2. Changes in the interior of the star in dependence of
times Mf/M is plotted versus the age of the star. "Cloudy"
areas correspond to convective zones. Areas in which the
nuclear energy production is larger than 103~erg g-l sec™!
are shaded. The hydrogen burning shell source (upper right)
is so thin that it appears only as a dashed line. The areas
in which the helium content Y and the carbon content XC,
respectively, decikeased to the interior are dotted. Locations

in which the carbon content is different from the initial

chemistry by 0.01 or where the helium content is 0,01 were

1 carbon burning, 2 age in 107 Years
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chosen as boundaries of .the densest dotted areas. The same
applies to the boéharies of the area+ dotted at larger
distances. The letter M refers to the corresponding location

of the evolutionary process in Fig.l.

The evolutionary process in the H-R-diagram is simple
during the phase discussed here, its course is evident from
Fig.1l. The evolutionary sequence comes from K and reaches L
toward the end of the period of time discussed in IV.

There it forms a spike, migrates then back within itself
to M and returns and turns again in itself. The correlation
between model Nr., age, and location in the H-R-diagram are

given in Table 1.
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Table 1. Coordinates in the H-R-diagram and age (in 107 years)

of several models

1 2 /

Maodell Nr, Alter log Lil, log Ty N
101 8.01822 1.207 3511
402 8.01846 4.204 3.511
103 8.01942 4.161 3.516
419 8.01956 1.130 - 3519
- 429 _ 8.01959 4.121 3.520
139 8.01960 = 4.117 3.521
450 8.01961 4.115 3.521
461 8.01961 1,112 3.520
470 8.01951 4111 3.520
480 8.01961 1111 3.521
490 8.01961 4.109 3.521
404 8.01962 4.103 3.522
500 - 8.01964 +.048 3.529
501 8.01965 4.047 3.529
310 8.01988 4.123 3.519
520 8.02000 4135 3.518
530 8.02015 4.139 3.518
540 8.02030 = 4.141 3.518
© 550 8.02045 1.141 3.518
560 8.02060 4.141 3.518
570 8.02075 4.141 - 3518
572 8.02078 4.141 3.518

1 Model Nr.s 2 Age
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The processes in the innermost 19% of the mass are plotted
as function of time in Fig.2. The change of the central values
of density and temperature is given in Fig.3. The change in
Juminosity Lr/L in the central region is represented for
several models in Fig.4. Fig.5 shows the behavior of %E in

the shell sources of seversl models.

The central v lues of temperature and density of model 402
are log T = 8.651 and log Py = 6.718, the degeneracy parameter
is ¥ = 9.2, The radiative energy of the model originates to
the extent of more than 95% from the helium-burning shell
sburce at Eﬁ = 0.18. The energy production by carbon-burning
has just begun to be noticable; in the center is €c = 3° 103
arg/g sece Since here the contraction produces only eg= 5.7 102
erg/g 5901? the energy balance is practically soiely determined
by the carbon-burning at very high temperature exponents (~ 30).
The result is the run-up of the temperature at constant fq
(ef. Fige3) which is characteristic for the flash instability.
For model 406, log T, = 8.6903 the characteristic time for the

temperature increase is here —dt = 2.2 * 10 a.

dlnT
c

' 6 f Jd ar
1 £ urme O > 9
) ’ (p al o a’ -
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Figure 3. Central values of density and temperature during the
evolution. The indicated model numbers refer to Table 1.

The discontinuity of the curve between model 420 and 480

results from the intr duction of a new varisble (cf. section 2).
For a better understanding, several lines ¥ = const. (¥ degeneracy

parameter for hydrogen content X = 0) are inserted.
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(For comparison: The time step chosen by the program for this

model was 1.2 ° 103a. Thus the time step here and also in the

following was always chosen in such a way that no significant

changes of the model occur in it.) In the center of this

model is p =5 ° 104, e = 1.4 10“. The course of L., shows
c r

g
already a slight maximum in the vicinity of the center which
increases further in the following models (cf. Fig.4). This
is due to the fact that in the vieinity of the center
d L? = eq + eg > 0, but becomes negative with increasing

d K
distance from the center, bacause €a (> 0) decreases strongly

with the temperature while eg (< 0) varies by far not as much.
Since the heat céhuctivity of the degenerate electron gas is
large, it carried initially practically the entire energy
transport. Accordingly, the effective # 1is only approximately

2+ 1073, Despite of that, a considerable temperature gradient
develops soon in the center since the flux of radiation increases
here more and more. The maximum of luminosity increases with
time and a convective core is therefore formed for Model 406
which in its mass grows more and more to the outside. Immediately
outside of the convective core LO/L is always very small, namely

lower than 0.01 (cf. Fig.h4).
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Figure 4., The luminosity Lr/L in the central region of the
star as function of M}/M for several models. The figures

given indicate the model numbers.
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The subsequent development of the central region with

time has been compiled in Table 2. Since the evolution as

a whole is relatively short the age of the model has not beén

given but rather the difference in age as apposed to model 401.

Table 2.

Characteristic values in the center for several

selected models. In the second column the age is

given relative to Model 401.

The last three columns

contain the value of the luminosity maximum, its

location,; as well as the size of the convective core.

1 Age in Years; 2 Center

1 2
Nr Alter R S — Z'l“”“.l_l.' . - l'm::___ — _{”K.
Nr. in Jaliren log T Jog ¢ v |' cc i re (1T I MM M
i
402 2407.00 8.6513 6.718 v9.2 Q.4 1™ | n3.72410° 7.0 100 —_ — —
408 1208420 8.7054 06.727 8.2 8.01 108 —2.12 - 1% 8.1+ 10} 0.02 0,004 0.010
410 13:46:3.00 8.7427 6.714 7.3 9.6:4 - 108 —1.10 10% 2.2 10 0.306 0.007 0.028
BTN 1) 1385H7.80 8.7520 (3,650 Gt a7 3w —T.80 00 108 B.0 0 108 5,06 0,009 0,003
461 1308835 #8010 (At 4 0.0 308107 w2 1T e 100 2,110 1R/ 0.008) 0671
470 13961.20 8.8218 . 0.582 h.1 985+ 107 —06.19 « 100 0.4 - 102 G1.6 0.009 0.084
430 13075.34 B.83404 6.517 4.4 D30 1O —1.38 + 107 4.1 102 158, 0.012 0.100
490 139858.31 8.8530 6.393 3.5 3.98 ¢ 10M -—1.093 17 1.7+ 10% 253, 0.012 0.119
404 14023.56 8.8445 6.197 2.6 124 1 —5.9110% | —4.0- 10 86.5 0.012 0.136
500 14286.76 8.8201 5.989 1.9 1.03 <107 —4.69 108 | ~—1.7- 10 8.3:4 0.012 0148
510 16617.96 8.7918 5.821 1.4 8.67 1o | —3.57 10 | —1.9-10° 0.57 0,012 0,148 -
530 | 10025.16 | 87826 | 5772 L3 L R0 | —1Al 108 | —430 100 | 020 | G012 0,14
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The nuclear energy production increases with the central
temperature and thus the maximum of luminosity (which in the
course of time relocates its mass only insignificantly to the
outside)and the mass Mg of the convective core. A characteristic
model for the initial phase of the flash is Nr. 419 which is

presented in Table 3.

The maximum of temperature and the highest value of the

luminosity maximum (Lr =253 L= 3.9 ° 106

Ib) have been
reached with lModel 490. The fastest phase of the evolufion
had already been reached with lModel 480. There the characteristic
time for the increase in central temperature was at 400 years
(the time step chosen by the program was 1.2 years). Thus,
the evolution is there also so slow that, in very good
approximation, the hydrostatic equilibrium is maintained at
all times and that, in good approximation, the convection may
be adjusted accordingly. The slowdown in evolution after
Model 480,while the temperature is still rising, is due to
the now significant expansion: Despite the fact, that with
increasing luminosity the value of €g in the convective core
increases further, i.e. per second more and more energy is
still converted into inner energy and into work of expansion,
this happens ¥ow to a lesser extent in favor of the inner

energy. Since the degeneracy decreases, the work of expansion
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Table 3, The lodel Nr. 419
In the convective regions log T has been printed
in italics
MaM o § dgpP LlegT U oderr [ Lol | dge § X | ¥ | Xe
]
0.9710 ] 4.739 14230 13.342 [1.000! —7.574 g 0.572 | 0.384 | 0.000
0.9145 :  5.081 4365 | 13314 |1.000; —7.368 | 0.572 | 0.35¢ | 0.000
0.8890 | 5483 |4£.522] 13270 |1.000} —7.125 | 0.572 | 0.384 | 0.000
0.5019 | 5562 | £668| 13213 | 1000 —6.805 | 0572 | 0.38% | 0.000
0.6941 | 6188 47910 13.147 10999, —-6.696 | 0.572 | 0.38%¢ | 0.000
0.5832 | 6.460 ;48921 13.075 | 0.999  —6.529 | 0.572 | 0.33¢ | 0.000
. 04452 1 6735 [3.007| 12.965 | 0998, —6.331 | 0.572 | 0.384 | 0.000
0.3631 ] 6.081 | 5.080 12875 00981 —6.205  0.572 | 0.354 | 0.000
0.2029 . 7204 |5.157 ] 12.760 o.997§ —6.063 ; 0.572 | 0.354 | 0.000
0.2333 ;7519 [5.2641 12578 | 0996 —5.806 | 0.572 | 0.33¢ | 0.000
0.2013 | 7.041 54010 12333 [0.996 —5.596 | 0.572 | 0.38¢ | 0.000
0.I800 | 8485 [3.571| 12052 0.996 | —5.243 ¢ 0.572 | 0.384 | 0.000 |
01856 | 8940 |5.707| 11844 |0.096! —1043 | 0572 | 0.38¢ | 0.000
01835 | 9.614 |5.902| 11568 |0.995| —1.495 | 0.572 | 0.33¢ | 0.000
0.1825 | 10149 |6.053| 11.365 | 0.995| —4.135 | 0.572 | 0.354 | 0.000
0.1824 | 10703 |6.205 | 11.166 | 0.995| —3.739 | 0.572 | 0.384 | 0.000
0.1822 | 11150 [6.326| 11.012 |0.995| —3.45¢ | 0.572 | 0.384 | 0.000
© 01820 | 11732 | 6.488 ] 10.809 [0.995| —3.040 | 0.572 { 0.33¢ | 0.000 |
| 0IS19 | 12277 {6,625 10.633 | 0.995 ) —2.608 | 0.572 b o.381 | 0.000
0.1818 | 12.928 | 6.581 1 10.444 :0.095 2154 | 0572 | 0.358 | 0.000 |
0.1818 | 13.370 | 6.887} 10.324 {0.004] —1.808 | 0.572 i 0.384 | 0.000
O.I317 1§ 13.841 | 7.004 10202 | 0.991; —1451 | 0572 i 0.384 | 0.000
0.1817 | 14328 [7.122 078 0994 | —1.072 | 0572 | 0.
01516 | 14513 1242 | ‘9057 L0003 | o002 | 0572 | 03t | 0000
0.1816 i 15297 [7.359| 9.839 [0.9921 —0.331 | 0.572 | 0.38¢ & 0.000
0.1815 | 15706 {7.458| 9.740 ; 0.991; —0.011 ; 0.572 [ 0.35¢ ! 0.000
01815 | 16044 [7.541| 96062 [0.991{ 0446 | 0.143 | 0.813 {0.000
0.1814 | 16430 |7.620| 9.615 [0.990| 0.876 | 0.000 | 0.956 | 0.000 |
0.1813 | 16.858 | 7.721| 9.560 {0.990| 1.212 | 0.000 | 0.956 | 0.000
0.1811 | 17.375 |7.848| - 9.487 [0.988| 1.605 | 0.000 | 0.956 | 0.000
0.1808 | 17.794¢ | 7.948| 9.421 |00984| 1.932 | 0.000 | 0.956 | 0.000
0.1504 | 18.259 |8.058] 9.345 |0.978] 2.205 | 0.000 | 0.956 | 0.000
0.1800 | 18.605 [8.145| 9.284 |[0.972| 2.533 | 0.000 | 0.956 | 0.000
0.1792 | 19.131 [8.277] 9184 {0926 2952 | 0.000 | 0.916 | 0.040
0.1790 | 19.242 [8.302} 9.163 |0.805| 3.055 | 0.000 | 0.784 | 0.172
0.1789 | 19.295 [8.312] 9.133 {0700 3.114 | 0.000 | 0.663 | 0.293
00788 | 19347 [8.320] 9.14¢ |0.384| 3.176 | 0.000 | 0.510 | 0.416
0.1787 | 19.396 |8.326| 9.136 | 0.480| 3.238 | 0.000 | 0.422 | 0.53¢
0.1786 ¢ 19.444 |8.331] 9.128 |0.396] . 3.208 | 0.000 | 0.330 | 0.626
01784 1 19512 18338 9.117 | 0306 3.380 | 0.000 | 0.231 | 0.725 |
01782 ¢ 19616 |8.345] 9102 | 0219 3.502 | 0.000 | 0.137 | 0.819
::: ;;; 1 (9133? 8.360 | 9.070 |0.J30| 3.764 | 0.000 | 0.045 | 0.011
. 20395 |8.394| 9.008 [0.075| 4.286 | 0.000 [ 0.005 | 0.951
L1697 o 20924 86 ] 8047 [ 0.056]  4.730 | 0.000 | 0.001 | 0.955
'::4;:: : 'i':.}fi]{i $504| $.892 [vots| 5110 | 0,000 | 0.000 | 0.956
R e e
00930 : 22'0““; S.;)qg S(/n . -'- ’f'b"f U0 . A :)
2 | 8.5 660 [0.015]  6.096 | 0.000 | 0.000 | 0.956

..18&-
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Table 4. The Model Nr. 490

In the convective regions log T has been printed in

italics
AT b logr o LL oL loge : X | r ioXe
i § ! :

08710 | $.801 13326 © 10001 —7.528 | 0.572;0.384 | 0.0000
0e033 5431 (4391 13.266 | 1.000 ¢ —7.135 : 0.572 | 0.384 | 0.0000
03709 6.001 |42 13.183 ;0.993; —6.801 l!0.572 0.354 | 0.0000
06686, 6.318 AL 1315 09961 —6.607 | 0.572 | 0.384 | 0.0000
05450 1 6611 D469 13.032 1 0.994 ) —6.427 0572 0.384 | 0.0000
04127 6917 | 5.0@] 12917 jo.sgo —6.237 ; 0,572 0.384 | 0.0000
0274 7327 S0 12712 109857 —5.980 £ 0.572 1 0.384 | 0.0000
02013 1 S0l 5537 12315 ;o.gslg —5.344 | 0.572 | 0.384 1 0.0000
MINI2 T80 560 11940 10,9501 —5.059 § 0.572 1 0.384 | 0.0000
01830 9524 580 11.613 =o.9so —4.550 {0.572 | 0.38¢ | 0.0000 |
wIN 10206 606 11352 00979 —4.001 | 0.572 1 0.384 0.0000
wIs24 10951 6.2, 11086 09791 —3.585 [ 0.572 [ 0.384 | 0.0000
01521 11676 6.4 10.840 L 0.979 ;. —3.088 ; 0.572 1 0.384 | 0.0000
IS0 12,437 in.cm{ 10.506  0.938 | —2.529 1 0.572|0.384 | 0.0000
018519 13071 6.&20 10390 :0.973 ) —,1.940 | 0.572{0.384 | 0.0000
11818 | 13.095 !mnf 10.178 :0.9685 —1.309 !0.572 0.384 ! '0.0000
(.1817 14.6828 f?.‘_‘l-fi 9,972 il_l..')fili -—0.668 i0.572 0,384 0.0000
GISI6 15622 Tan s 9981009501 —0.050 | 0-572 1 0.384 | 0.0000
OIS15 . 16305 D00 06200009361 0667 0143 ] 0.8131 0.0000
01814 - 716.841 T3 9554 . 0929!  1.214 1 0.000 | 0.956 | 0.0000
COASID 1485 T8 9,467 !0.914; 1715 }o.ooo 0.956 | 0.0000

-19a_
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Table 4. (contd.)

0.000 | 0.000
1 0.000 | 0.000 ;

0.9419
0.9419

‘ "
v, M I log P ll('gT‘ logr |I.,!L| loge | X | )y I Xe
WIS05 bo18.212 ls.ozs% 19.357 0889 2283 !ooooloms! 0.0000
01796 18.8s¢ 18197 0242 10353 2.800 ; 0.000 0.95¢; 0.0025
01701 | 19120 D828, 9.100 | 0.554 3018 0000 0814 01418
0.1790 | 19.190 ;3.259| 0189 |0478| 3.087 {0.000]0.683 | 0.2734
0.1789 | 10.237 |8.265| 0.181 0.417 3145 '2223134";(; gesl;z;
Git3s . 1408 807l @174 103620 3202 0000 04417 051
‘ twim; b Jua2s 182731 0168 0314 323 10.000 7 0.344 . 0.6115
00585 & 10387 82S1% 0139 ;0254 3.320 {0.000 0.242 07141
01782 | 19.500 |8.2001 0.144 [0.172] 3.5 £0.000 0,130} 0.8260
01757 | 20088 (83201 0075 |{0.035] 4056 ioooolooos‘ 0.9476
0.1656 | 20788 | 8.376| 8.098 0.039} 4081 .ooooioooo~ 09556
01553 | 21.339 lg.a33] 8028 8'838 .5.;»53 gggglgggg' 3.2??3
01468 | 21.380 |S.454) 8.896 | 0.02 5.32 936
01405 ; 21513 | 84611 8.876 |0.015| 5424 looooloooo‘ 0.9560
01347 | 21.819 '8.466! $.839 10.013] 5.505 |oooo ooool 0.9560
01304 | 2158 |8.469 ! 8547 |0.008| 35.558 10.0000.000} 0.9560
| 01264 | 21850 |8.471| 8.836 |0.014| 5004 ! 0.000 o.ooot 0.9560 -
01228 . 22.001 |8.474; S.827 [0.014| 5.042 %0.000 0.000 | 0.9560
' 0.1191 } 29019 18.476] 8.818 |0.015| 5.678 | 0.000 | 0.000" 0.9560
01164 | 2208t |8485] 8811 |1.042] 5701 |0.0000.000| 0.9419
0.1155 ‘, 22.095 | $.489| 8808 |2252; 5303 {0.000;0.000 0.9419
0.1137 | 22117 8497 8304 53600 5722 [oooo.ooool 0.9419
o112 | 22147 [s508| 8798 107381 5741 0.00010.0001 09419
01073 | 22101 85241 8788 ; 16.7 5.769 .nooo-ooool 0.9419
0.0082 | 22987 |g358] 8764 P342 | 5.830 ;0.000 0000, 0.9419
0.0s60 | 22405 5991 8732 1509 1 5.900 1 0.000 0,000 ; 0.9419
,0.0716 ¢ 22529 , 84431 8.691 | 031 b 5.086 loooo ooooI 0.9419
0.0424 | 22357 1 8.722] 8588 1L | 6 ' 0.000 ; 0.000 ; 0.9419
00128 | 22006 |$.802; 8310 253 6.201 .ooooloooo‘ 0.9419
0.0020 | 23095 | 8833, S.140 175 6357 | 0.000 , 0.000 | 0.9419
00023 | 23.103 | 8838 8113 [155. | 6.362 | 0,000} 0.000 | 0.9419
0.0021 : 23106 |8.839| 8.009 jl47. l l
i

0.0000 | 23.130 | 8.853 | 0.000 |
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takes over a steadily increasing proportion and 21n Tc/?at

becomes thus smaller,

Model 490 is represented in Table 4. Despite the fact
that L, and T, assume their greatest wvalues in this model,
only to decrease subsequently, the convective core is still
growing in mass. I reaches a maximum of 0.154 11 with ¥odel 502.
From now on the evolution becomes slower and slower, the
maximum of L, in the convective core decreases rapidly, the
central region expands and decreases simultaneously the temperature.
Degeneracy has been removed to such an extent that stable nuclear
burning may commence. The carbon originally present in the
center is still practically completely available for this
stable burning because, up to Model 541, only approximately 2%
of the carbon have been burned during the short flash phase,
despite the high L.-values in the interior. The maximum
luminosity in the iﬁterior was L, > 10 L for approximately

300 years and > 100 L for 54 years.

In Table 5 the last of the calculated models (Nr. 572)

is represented.
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Table 5. The Model Nr. 572

In the convective regions log T has been printed

in italies

MM P e | wer L oL dege | X | 3 |
0.9710 | 4307 i;.-:.".'f 13.350 1.000.! —7.599 §0.572 0.384¢| 0.000
G.8445 SM8 [ L3F, 132 110000 —7.303 !0.572 0.384 | 0.000
0.8300 ¢ 550 {4.57¢, 13278 | 1.000; —7.151 ; 0.572 | 0.354 | 0.000
0.8019 | 3828 466/ 13.221 1 1.000 | —6.971 [ 0572 0.384| ©.000
07188 © 6087 405 E3170  1.000, —6.763 . 0.572 | 0.384 | 0.000 |
0.6130 1 6354 ., L85 13104 §1.000; —6.509 10.572 0.384 | 10.000
03430 . 6314 |, L91i 13.056 1000 —6.500 | 0.572 1 0.3841 0.000
04807 ;GO0 | 496K 13.005 | 1.000, —6.410 : 0.5720.384 | 0.000
04127, 6820 , 5,027 12041 11.000 | —6.310 | 0.572 0.334| 0.000 |
03457 © 6993 5.08F  i2.858 | 1.000 —6.199 : 0.572 ! 0.384 ! 0.000
02984 . 7282 5006 12734 110000 —6.052 | 0.572 | 0.384 | 0.000
02199 1 T642 5307, 12494 11.000 ] —5.792 1 0.572 | 0.354| 0.000
0.1950 | 8131 | 3.46¢) 12222 |1.000 —35.477 | 0.572 | 0.354] 0.000
0.1881 | 8614 ia'.(m; 11.985 1.000; —5.162 1 0.572 { 0.384 [ 0.000
00852 ° 0075 ;55 11740 1.000; —4.701 10.572]0.38¢ | 0.000 |
MIS39 1 0521 15950 11523 | 1.000 | —4.426 | 0.572]0.384] 0.000 |
O.IN33 110256 | 6.08I7 11323 11.000] —4.065 | 0.572] 0.35¢| 0.000 |
Iooas30 0’ 10807 623 s ; 1.000 | —3.690 | 0.572 | 0.384 | 0.000
oS N319 0 6.3 10953 ;1000 --3.340 | 0.572 0.3341 0.000
LIS TLOIG L6352 10.354 1000 | —2.929 1 0.572 0.384 | 0.000 |
82312527 166w 10529 LOG0 T —2.484 10572 0.354 ] 0.000 |
00824 13042 1681 10409 1000 —2.060 §0.572;0.3s4§ 0.000
01824 13500 1 6.9, 10.28¢ {1.000° —1.711 50.572;0.3S4i 0.000
IS23 1006 703 10055 0.990, —1.331 10.572 0.384 ] 0.000
LIS HSIS T 100260 0.990 —0.935 1 057210354 | 0.000
N2 1a020 T2 0899 10.999 --0.547 | 0,572 0.334. 0.000
N2 IBS3L L TA4N, 9576 0.093 ) —0.155  0.572 1 03841 0.000
00821 . 16014 | 755 - 9.661 [0.998; 0.211 | 0.572 | 0.354| 0.000
01821 . 16478 | .65 | 9.547 | 0.987| 0.552 | 0.567 | 0.389 0.000
0.1820 | 16.819 ,7.73{; 9466 [0.740; 0.866 | 0.439 | 0.497 | 0.000
01820 13.028 | 7.93, 9430 | 0.086| 1.291 |0.087 | 0.869| 0.000
01819 113448 - .56 ¢ 9391 {0.028] 1.847 | 0.000 | 0.956| 0.000 |
01818 | 13894 | 7785, 9.357 0026 2306 | 0.000]0.956| 0.000
O.IS13 -, 18449 59851 9317 10.025| - 2815 | 0.000 | 0.956 [ 0.000
0.1803 | 18856 0 7.02 0277 [0.024] 3.237 {0.000 0.956| 0.000 }
M1792 1 19270 7.0 9.230 10.023]  3.501 [ 0.000 | 0.859 | 0.097
0.1590 ;18304 [ 7.0%, 9.247 1 0.022; 3.543 |0.000!0.710| 0.246
0.1759 - 19325 708 9245 £ 0.022;  3.572 | 0.000 | 0.588 | 0.3G8
WIISS 118345 7007 0.244 100227 3.602 | 0.000 | 0.467 | 0.489
0.1957 19365 5 7.900 0 9242 10.0227  3.629 {0.000 | 0.366 | 0.590

0.1386 ; 19389 |7.0%; 9210 [0.022] 3.660 |0.000]0.271| 0.085
O.1781 19430 L 8.07L: 0237 10,0221 3706 | 0.000 | 0.166] 0.790

01763 | 19,651 ]s.oz:ﬁ 9.220 10.021} 3.909 |0.000 | 0.020 | 0.936 ]
01320 20050 8050 0086 | 0.019]  4.228 | 0.000 | 0.002| 0.954
0.1585 | 29500 !8“5 9.131 1 0.021{ 4.637 {0.000|0.000| 0.956
. 01453 30850 |27y 0003 10.030| - 4.837 |0.000 | 0.000| 0.917
D008 L 2047 ek, 0.051 [0.045]  5.000 | 0.000 | 0.000] 0.917
(02 o347 lssz, 9009 |0.061] 5126 | 0.000 | 0.000| 0.017

D - 21a ~
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Table 5. (contd.)

MM | degp le? | logr ]1.,/L| lge | X | ¥ | X

l i
0.0035 21517 $.500 8.966 | 0.077 5.235 | 0.000 ; 0.000 I 0.916
0.0754 21.668 | 8.560 8.918 | 0.089 5.333 | 0.000 ! 0.000 i 0.915
0.0547 21822 8013 8.853 10.097 5.432 | 0.000 | 0.000 | 0.914
0.0381 21.941 .8.635 8.787 | 0.103 5.508 | 0.000 1 0.000 i 0.9i4
0.0241 22,042 ! 8.691 8.708 0.108 5.572 10.000; 0.600 . 0.214
0.0092 22160 | 8.731 8.53¢+ | 0.100 5.649 . 0.000  0.000  0.914
0.0061 22,191 | 8742 8.489 ! 0.097 5.668 | 0.000; 0.000 0.914
0.0029 22.22¢ | 8,735 8.371 | 0.073 5.693 | 0.000 ; 0.000 . 0.914

700

27

0.0021 22240 | 8.758 8.321 | 0.061 5. 0.000 0.000 . 0.014
0.0000 22281 ( 8.772 1.000 | 0.000 5.4%: 0.000E0.000: 0.914,
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In describing the results thus far, the emphasis was
mainly placed upon the evolution with time of the central
region, i.e. upon approximately the innermost 16% of the
stellar mass. Vhat course does the evolution of the outer
shell sources take? It had been indicated in paper IV of this
series that hydrogen-burning might possibly begin agaih
at.the interface of hydrogen and helium. This is now indeed
the case, as can be seen from Table 6. It is evident from
Table 5 that the hydrogen-burning shell is extremely thin.

The newly initiated hydrogen-burning is linked to the

exhaustion of the heliun-burning shell source underneath.

Thus, the hydrogen burning takes over the production of the
considerable portion of energy which reaches the surface

(cf. Fige5)e This change in energy production coincides with the
reversing point M in the HR-diagram and is possibly responsible

for this reversal.
4, Computations

The physical properties of the thermal runaway (the
instability) are discussed in the appendix to this paper. In
addition to that, several events of the flash can be understood

directly from the equations for the construction of models:
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e shall make the (strongly simplifying) assumption
that within the flash there are in essence two phases, namely,
a phase of central density which is constant with time while the
central temperature increases and a phase of central temperature
which is constant with time while the central density de-
creases (cf. Fig.3). The time scales for both phases may

then be estimated roughly.

loreover ifoan be made plausible with the help oS gl

" theorem why during the flash event, during which the energy,
which is released in the interior, heats the center, other

mass shells of the star . = . " must be cooled adiabatically

at the same time (cf. Fig. 6).
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Table 6. Characteristic values in the maximum of the

hydrogen and helium-shell source and the inner

boundary of the outer convective zone (W K Z) for

several selected models.

1 Maximum of eHe;

2 Maxdmum of ¢

H?

3 Inner Boundary of WKZ

N
1 2 3

e Maxhmwn von e, Maximum von ey ]"l'l':f:"'\(.",r‘";"c

MM fog 1 oy e fite MM log T oo e MM
402 0.1771 8.328 3.079 8.2 108 0815 7.132 —1.152 74303 L1816
408 0.1785 8.320 3.107 6.8« 109 0815 7.388 —-—(0.283 RIS R L 0.1818
414 0.1788 8.316 3145 57100 (LIS1H. 7.528 0.201 whe 10 (.1820
439 0.1789) 8.310 3.164 5.2 1o 0.1815 7.574 0.354 240108 0.1820
401 0.1700 8.302 3143 4.2+ 109 01815 7.589 0,400 det e 108 (1821
480 0.1790 8.284 3.133 1.8+ 100 01815 7.504 0,434 S5 108 01821
400 0, 1700 8,260 3,101 HRAR It 01810 7,080 RN G, 710 0,182
i 0.1740 8.217 3007 4.8 01815 7.505 0.479 G.5 - 103 0.1822
H00 0.1790 8.1538 3.184 2.7+10% 0.1815 77156 0.067 7.0 107 0.1825
alo 0.1700 8.051 3,412 3.8+ 109 Q.1816 7.746 0.997 1.3+ 10 0.1822
520 0.1790 8.031 3.450 8.6 103 0.1816 7951 1.067 1.5 J00 0.1822
330 0.1790 8.015 3.483 24100 0.1817 7.154 1.099 1.6+ 10" 0.1823
5560 0.1790 7.005 3.019 5.2+10-2 0.1818 7.755 - 1101 1.7+ 10% 0.1824
570 0.1700 7.086 3.648 2.2+ 10-8 0.1820 7.766 1.130 1.6+ 10% 0.1825

,
'
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Figure 5. The luminosity LI,/L in the region of the shell sources
as function of Mr/ M for several models (the numbers given indicate
the model numbers)s The figure shows the takeover of the

energy production by the newly formed hydrogen shell source

(approximately at Mr/M = 0.182),
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The course of the speed of the temperature increase
(i.e. the change of 01nT/0t) and that of the subsequent
decrease in density result from the application of the law
of conservation of energy to the.entire convective core.
Since the luminosity which comes from the convective core
is so small that it can be neglected when compared with the
L.-values in the proximity of the core, the following
approximation may be written:

Mg Mg ) ‘ (1)
[ecart, = ~ [e,dnt,,

[ 0

l.e., all nuclear energy released is converted to inner energy

or to work of expansion. It is

_ . S , _47?_ Vac o LT
eom =P P e T (= 28, “t('alnp)r' (2)
Since in the convective core in good approximation (namely as
long as Véd is constant with regard to space and time) the
term' in parentheses in (2) is not dependent upon the location,

it follows

>

,_ ' M
[, = (5o d) fera,. ’

<

0
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In the first phase of the flash it is in a first
approxination pc/pC =0 (cf. Fige3). From (3) it follows

then

e
N M,
7§ ()

Mg
(e man,
0

We are now going to compare models 408 and 480 in Table 23
between the tud models lies an evolutionary phase for which
the change with time of p_ may be neglected. HEquation (4)
will then be valid avproximately. The numerator of the
right-hand side of (4) is, in good approximation, proportional
to (eC) c \= central value of ¢ c), since only the region
near the center makes a contribution. If we set in a rough

1

approximation for the denominator 5 ' Cy T ¢ ® MK, then it

follows

.,,.j'_'. ~ _..(55).‘._. (5)

wherefrom we can understand quantitatively why the time
constant (Tc/Tc) decreases from lodel 408 to Model 480 by a factor
of 200, If MI between the two models did not increase by a

factor of 10, the decrease of the time constant would be larger

by 1 power of 10.
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If the expansion is noticable in the models which follow
Nr. 480, we may set approximately with I'odel 502 in an
approximation Tc/Tc = 0 and obtain

My
. | gcdM,
Oc x € 0

V X ' (6)
[ ad Cp f‘C,TdM'
4]
from which we obtain the characteristic time for the expansion
of the central region. Since in the phase under consideration
MK remains constant, it follows for the border-line case of the

ideal gas, which is approximated by the central regiont

; o
L (7)

The time scale for the expansion remains therefore constant in
a first approximation; it indeed increases to some extent since

T, decreases slightly (cfe Fig.3).

The processes in the layers above the convective core
are more easily understood if one applies the law of conservation
of energy and the virial thieorem to the entire star. If En
represents the entire nuclear energy supply, U the total inner
energy, and E; the gravitational energyy: then the law of con-

servation of energy applies

- 8
L= (B, + Bo+ U). (8)
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Since for the ideal gas and for the (nonrelativistic)’
Fermi-Dirac gas the same relation between pressure and energy

u per gram applies, namely

32
u—-2—-?

’ (9)

we can write for the entire star the virial theorem in the
conventional. form

2 = —EBg.
(10)

Now we obtain En =E, + E’;S (contributions E, from the central

-

D]

3

carboun-burning and ES from the shell-source burning). During
the flash the following applies: -'EC >>L + Es. Equation (8)

nay now be replaced in a first approximation by

EBoe+EBg+U=0. ' (11)
From(10) and (11) we then obtain

U=E,c (<0), (12)
gczﬂ-za@ (>0). (13)

It follows from (12) that U is nesative.
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Since during the increase to the flash the inner energy
of the central region increases, the inner energy in the
layers above must decrease, Since there is no degeneracy ,the
temperature has to decrease (cf. Fig,6). Since the time scale
of these changes is short by comparison with the Kelvin-
Helmholtz time scale of the participating shellsgcobling
takes place by way of adiasbatic expansion. Equation 13 shows
that the total of gravitational energy of the star increases.
Since the central region does not participate in the expansion
(due to degeneracy) the gravitational energy will be increased

by rapid expansion of the outer regions.

This becomes (cleardry, if one bears in mind the fact that
at the onset of the flash the entire amount of released nulear
energy is vonverted to inner energy Uy of the central region,
since the central region does not empand and practically not
contribute luminosity to the layers above. Thus, the following

is wvalid:

Uk + Epg=0. (14)

It be, UA

then follows from 12, and 13

=U - UK’ the inner energy of the outer layers. It



Thus, in the outer layers, the amount 2 E ne of inner

energy is converted to gravi iational energy of these shells.

8.2

Figure 6. The temperature as function of Mf/M in the central region
for two selected models (Nr. 419 and Nr. 490). The dots within

the curves indicate the boundary of the convective core.
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In the subsequent phase,during which expansion of the
central region ‘occirs’s ﬁTK will become equal to zero and
later even negative. This indicates that ﬁA will become
equal to or smaller thanlﬁ ne"

Appendixt The Stability of the Interior of the Star

. 1
during Strong Temperature Dependence of ¢

For a better understanding of the flash event the
stability behavior of a simplified model shall be investigated.
For this purpose, we assume a sphere separated from the
center. The mass of this sphere be My (Mkis now longer
necessarily the mass of the convective core). A small dist rbance
in the form of energy supply will be brought about in the
sphere. How does ¢ react to that? UWill the nuclear energy

production be reduced by the supply of disturbing energy and

1) The physical reason 6f the flash-event had already been
found in 1952 by Mestal. The simplified model described in the
following , shall only present a relatively easy access to

the flash theory. Simultaneously, it will show the relation-
ship between the flash-teory and the Cowling friterion for

secular stability.
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the star will compensate the disturbing energy (stability)

or does the disturbing energy cause an additional overproduction
(instability)}? We shall first assume fhat all energy of the
disturbance is converted to inner energy and éxternal work

and that the radiative portion of disturbing energy is

negligible. The same shall also apply to the overproduction of
nuclear energy which is caused by the disturbance. The luminosity
LK of the sphere shall thus at all times remain unchanged and
equal to the undisturbed value. This assumption is realized the better
the faster th disturbing energy is applied to the sphere and the
larger the temperature dependence of ¢ is, for the faster can

the nuclear energy source, by changing its production with time,

compensate or increase the disturbing energy.

On the other hand, the course of the events shall not be
so fast that” the inertia terms play a role. The time scale
of the events shall thus, on the one hand, be short by comparison
with the Kelvin-Helmholtz time scale, on the other hand, long

as corpared with the pulsation period of the model.

. The law of conservation of energy for this sphere will

thus read:
Mg

LK‘= f (E—C{T*}-‘TZ‘.P)d‘n[r’ ‘ (1)

0
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whereby LK is the value of Lr at the surface ¢of the sphere.

The terms ¢, Ty 0, P, Lr we now write in the forms

e=¢g+&, T=Ty+T..., (2)

whaereby the terms with the index O are the value of the
unperturbed model, the index 1 describes the disturbance. The
sphere under consideration be small enough that the terms

e, T, py, Py ?, T vary only very little in it. In the
following we thus employ always the mean values over the
sphere. The assumption made initially, that the luminosity

at the surface of the sphere does not vary is identical

with the postulate (Lrl)K = 0,

The following applies to the unperturbed terms:

(Lro).&’:‘(fo“ Cro To‘*"gfpo) JHK (3)

and for the disturbances, according to our conditions - except

for the terms of higher order:

€l=-cpo Tl—’:—:Pl. (L],)

Between the change ry of the radius r of the sphere and the

density, the following relationship is valid:

o . gh (5)

Qe e °
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The relationship between the change in pressure at the surfacs
of the sphere and the change in radius is not determined by the
events in the interior of the sphere. It is determined by the
behavior of the outer shells. The pressure at the surface of the
sphere is at every moment determined by an integral over the

outer mass:

GM, ..
P};»':: / q-:;"f"d_.'bf (6)
. .

P, 4 . ‘ (7)

in which f is a free factor which is determined by the behavior
of the outer mass. For homologous changes of the outer mass
one obtains £ = 1. The equation of state describes the

relationship between the changes of density, pressure, and

temperature:
o P KLY
‘Qo =% Po_éo. T’ (8)
in which the terms
{ elnon dlnp
T Ptinid g sz oem e S
\Blnl’)r’ 0 = (qalu’l‘)p (9)

of the equation of state are determined.
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From (5), (7), (8) we obtain:

. Py 44, Ty

P, iz 3] T, - (10)
Since our disturbance shall be fast by comparison, for instance,
with changes in dependence of time of Po’ TO due to the evolution
of the star (even if these are determined by the Kelvin-Helmholtz

time scale), it follows:

=P TR PR - (11)

and if one differentiates the right-hand side of (10) with

time and utilizes the same arguments, one then obtains:

P, dx,—3f T, (12)

and the law of conservation of energy (4) reads as follows:

A= et ) 7 (13)
and since
PZa==;?£%T - (14)
the following results 4
&= (1 - Varo 5 m57) % (15)
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If one assumes

e=¢e*Tr (16)

for reasons of simplicity the op-dependence of ¢ be neglected)

one obtains
’/
s & _ g’
Eg= €% 17, ?o‘_‘y,’l’, (17)

and the law of conservation of energy is therefore represented

by the differential equation:

d (T, T
di(7) =7 (18)
with
{= P Ey
<= [ TR,
‘ o To (l - ‘7-.10 "1‘;:_—37‘) (19)
with the solution
(20)

r .
. —,1%= konst. - edt |

Negative A indicates stability (each disturbance fades out);
positive A indicates that the minor addition of energy results
in an exponential increase of temperature and energy production,

i s Qe instabilityu
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For an ideal gas with v, e, both > 0 and with £ = 1 the
term in parentheses in (19) has the value -0.6. A is negative,
the burning is thus stable. The insignificant increase in
central temperature disappears again. This is the situation for

nuclear burning in non-degenerate matter.

With increasing relativistic or non-relativistic degeneracy

the term

F: lng

0= 357 >0

and thus the statement in parentheses in the equation for A
approaches +1. A thus becomes positive. MNuclear burning in
degenerate matter is instable. A small change in temperature in-

creases exponentially. This is the flash,

In equation (19) for the critical term A the parameter f
occurs. From that it follows that the exact condition for the
occurrence of a flash 1s not only dependent upon the variables
of the state in the center but also from the properties of the

shells above.

With the same arguments one can, by the way, demonstrate
that the situation is reversed in the case of neutrino-losses.

If we assume that in the center of the star the burning of a certain
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element is exhausted and that the loss, for instance, by

8 * . .
, ¢ <0) be described by ¢ in (17),

* 7",
photo-neutrinos (¢ = ¢ T
then the same considerations do apply. However, because of
€, < 0 for ideal gases we obtain A >0 (thus instability,

neutrino-collaps). For the degenerate gas, however, we have a

situation which is stable in the sense of our consideration (A < 0).

If one drops the assumption of the constancy of the
luminosity LK at the surface of the sphere, one must, however,
also consider and linearize the transport equation. One then

obtains for A the equgtions

Liga
LK Sand ”AI p

44 = ‘_"T‘—/]{u(l —p "/"‘o)

dinx o (_‘?_!}1"_) )
(){,.= <‘ﬂln.l' 7! =\ e

e (et Ky P e d o Hro) ¢

L
(with ¥ = % ), which changes to our earlier one as long as

Lo -3f
v is sufficiegtly large. For an ideal gas and £ = 1 the stability

condition A < 0 is identical with the condition of secular
stability for homologous changes as earlier derived by

Cowling (1934).
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